ABSTRACT We investigated the voltage dependence of membrane capacitance of pituitary nerve terminals in the wholeterminal patch-clamp configuration using a lock-in amplifier. Under conditions where secretion was abolished and voltagegated channels were blocked or completely inactivated, changes in membrane potential still produced capacitance changes. In terminals with significant sodium currents, the membrane capacitance showed a bell-shaped dependence on membrane potential with a peak at ϳϪ40 mV as expected for sodium channel gating currents. The voltage-dependent part of the capacitance showed a strong correlation with the amplitude of voltage-gated Na ϩ currents and was markedly reduced by dibucaine, which blocks sodium channel current and gating charge movement. The frequency dependence of the voltagedependent capacitance was consistent with sodium channel kinetics. This is the first demonstration of sodium channel gating currents in single pituitary nerve terminals. The gating currents lead to a voltage-and frequency-dependent capacitance, which can be well resolved by measurements with a lock-in amplifier. The properties of the gating currents are in excellent agreement with the properties of ionic Na ϩ currents of pituitary nerve terminals.
INTRODUCTION
Nerve terminals of magnocellular neurons secrete the hormones vasopressin (AVP) or oxytocin in response to electrical stimulation. During stimulation Ca 2ϩ enters through voltage-dependent Ca 2ϩ channels leading to fusion of secretory vesicles with the cell membrane and discharge of hormones into the extracellular space. Patch-clamp capacitance measurements (Neher and Marty, 1982) have been used to monitor exocytosis from single nerve terminals (Fidler Lim et al., 1990; Giovannucci and Stuenkel, 1997; Hsu and Jackson, 1996; Lindau et al., 1992) . Because the plasma membrane capacitance is directly proportional to the plasma membrane area, the capacitance can be used to measure changes in plasma membrane area due to incorporation (exocytosis) or retrieval (endocytosis) of vesicle membrane (Neher and Marty, 1982) . For high-resolution capacitance measurements typically a sine wave (800-Hz, 10 -100-mV amplitude) is added to the command voltage and the admittance is analyzed with a two-phase lock-in amplifier (Gillis, 1995; Lindau and Neher, 1988; Neher and Marty, 1982) . At the correct phase setting the in-phase and out-of-phase lock-in amplifier output signals change proportional to the changes in membrane conductance and membrane capacitance, respectively (Neher and Marty, 1982) .
Time-resolved capacitance measurements provide the unique opportunity to measure the exocytotic response to defined depolarizing stimuli under voltage-clamp conditions. However, the capacitance measurement during depolarization is usually discarded because other voltage-dependent phenomena affect the admittance of the cell or nerve terminal (Neher and Marty, 1982) . One such contribution comes from the kinetics of voltage-dependent currents (Cole, 1972) . During lock-in measurements the activation of voltage-dependent channels in response to a sinusoidal voltage leads to frequency-dependent and phase-shifted currents. These currents can produce apparent changes in capacitance and lead to misinterpretation of capacitance changes measured with a lock-in amplifier (Debus et al., 1995) . Major changes due to voltage-dependent currents occur in capacitance recordings when the kinetic rate constant (k) of voltage-gated channels is similar to the angular frequency () of the sine wave (Cole, 1972; Debus et al., 1995) . Depending on the kinetic properties of membrane conductances, the expected amplitude of such phenomena can be estimated (Debus et al., 1995) .
In addition to the contribution from voltage-dependent currents to the membrane capacitance, the capacitance of neurons shows voltage-and frequency-dependent contributions from gating currents arising from the charge redistribution in channel proteins that occur during transitions between conformational states Bezanilla, 1973, 1974; Bezanilla et al., 1991; Fernandez et al., 1982) . In chromaffin cells, after brief depolarizing pulses transient capacitance increases were observed, which then slowly returned to the baseline (Horrigan and Bookman, 1994) . This phenomenon was reflecting a change in gating currents as Na ϩ channels were recovering from inactivation (Horrigan and Bookman, 1994) .
To determine the contribution of gating currents to the membrane capacitance in pituitary nerve terminals, we performed lock-in capacitance measurements in the whole-terminal configuration under conditions where exocytosis was inhibited and ionic currents were blocked or inactivated. We found that under these conditions the nerve terminal capacitance was voltage dependent in the range between Ϫ120 and ϩ40mV. The main contribution to this voltage-dependent capacitance came from Na ϩ channel gating currents.
MATERIALS AND METHODS

Preparation of nerve terminals
Nerve terminals were prepared from adult Sprague-Dawley rats as described previously (Cazalis et al., 1987; Lindau et al., 1992) . After decapitation, the neurohypophysis was isolated and placed in a physiological saline containing (in mM) 140 NaCl, 5 KCl, 5 NaHCO 3 , 1 MgCl 2 , 2.2 CaCl 2 , 10 D-glucose, 0.01% bovine serum albumin, and 10 HEPES (pH 7.25 adjusted with NaOH) at 37°C. The neural lobe was isolated under a microscope and homogenized in 100 l of a buffer containing (in mM) 270 sucrose, 0.01 EGTA, and 10 HEPES (pH 7.25 adjusted with N-methyl-Dglucamine hydroxide (NMG-OH)). The homogenate containing nerve terminals detached from their axons was transferred into a recording chamber with the bottom made of a glass coverslip. After terminals were allowed to settle on the coverslip for 1 min, the chamber was washed with solution E1 (see below), which was also used as a bath solution for electrophysiological measurements. Under the microscope, nerve terminals appeared as smooth spherical bodies with diameters of 2-15 m. Terminals with diameter Ͼ8 m were used for patch-clamp experiments within 2 h after the rat was decapitated.
Solutions for electrophysiology
For patch-clamp experiments nerve terminals were initially placed in external solution E1 containing (in mM) 100 NMG-Cl, 5 KCl, 40 NaCl, 1 MgCl 2 , 2 CaCl 2 , 15 D-glucose, and 10 HEPES. After obtaining the wholeterminal configuration E1 was exchanged for solution E2 that contained (in mM) 120 tetraethylammonium chloride, 20 4-aminopyridine, 25 NaCl, 1 MgCl 2 , 0.05 CaCl 2 , 0.1 CdCl 2 , 10 D-glucose, and 10 HEPES. In solution E2 4-aminopyridine was included to block the A current, tetraethylammonium chloride to block other K ϩ currents, and Cd 2ϩ to block voltagedependent Ca 2ϩ currents. Low [Ca 2ϩ ] was used to minimize the Ca 2ϩ currents that were not completely blocked by Cd 2ϩ (Almers and McCleskey, 1984) .
Internal (pipette) solution contained (in mM) 125 Cs-glutamate, 25 CsCl, 5 NaCl, 7 MgCl 2 , 2 ATP-Na 2 , 0.1 EGTA, 0.03 cAMP, and 10 HEPES. High free [Mg 2ϩ ] (ϳ5 mM) was used to block slowly activating voltage-dependent outward currents (Kilic et al., 1996) .
The osmolality of all solutions was adjusted to 300 mosM, and the pH of all solution was 7.25. Liquid junction potential between pipette and external solutions was ϳ12 mV. Membrane potentials were corrected for the liquid junction potential.
Lock-in capacitance measurements
The whole-cell patch-clamp technique was used to perform experiments on isolated nerve terminals. After obtaining whole-terminal configuration, compensation of membrane capacitance and access resistance was done using the EPC-9 (HEKA Electronics, Lambrecht/Pfalz, Germany) patchclamp amplifier. Capacitance and access resistance were 1.5-4 pF and 7-12 M⍀, respectively.
Capacitance changes were measured with a lock-in amplifier PAR 5210 (Princeton Applied Research, Princeton NJ) using the piecewise linear technique (Gillis, 1995; Lindau and Neher, 1988; Neher and Marty, 1982) , except for the dibucaine experiments (see below). A continuous sine wave (rms 10 mV, 800 Hz) was added to the command potential, and the current output from the patch-clamp amplifier was fed into the lock-in amplifier.
In some experiments frequencies of 400 Hz and 2 kHz were used to investigate frequency dependence. At correct phase setting, one lock-in output (Y 1 ) is sensitive to changes in membrane conductance whereas the other output (Y 2 ) is sensitive to changes in membrane capacitance (Gillis, 1995; Lindau, 1991; Lindau and Neher, 1988; Neher and Marty, 1982) . A change of 200 fF in the capacitance compensation of EPC-9 was used to adjust the phase and to calibrate capacitance and conductance measurements as previously described (Lindau, 1991; Lindau et al., 1992) . The whole-terminal current and command voltage, both filtered at 100 Hz (to remove the sine wave), and the two outputs of lock-in amplifier were sampled by an A/D converter every 25 ms. To measure voltage-dependent capacitance during lock-in recordings, voltage pulses (2-10 s) were given from a holding potential (H p ) of Ϫ82mV.
In experiments with dibucaine, capacitance changes were measured with the software lock-in implemented in the program Pulse Control (Herrington and Bookman, 1994) . Sine wave frequency and amplitude were 800 Hz and 30 mV, respectively. Capacitance was determined every 50 ms.
Measurements of Na
؉ currents
To investigate the relation between the Na ϩ current and voltage-dependent capacitance, the Na ϩ current was measured before the measurement of voltage-dependent capacitance. One second before the pulse to measure voltage-dependent capacitance was given, the sine wave was switched off for 200 ms. During this period a 5-ms depolarizing pulse was given to V m ϭ Ϫ22 mV. The current response evoked by this pulse was filtered at 29.9 kHz and sampled every 17 s. Four hyperpolarizing pulses (V m ϭ Ϫ97 mV, 5 ms) were also given and current responses stored. These currents were later used for subtraction of leak and capacitive currents using standard methods. A membrane potential of Ϫ22 mV was chosen because Na ϩ currents were maximal at this pulse potential with the external solution E2 used to block other voltage-dependent currents.
All experiments were done at room temperature (22-24°C). Data analysis was performed using the program IgorPro3 (WaveMetrics, Lake Oswego, OR). The correlation between the maximal amplitudes of Na ϩ currents and the membrane capacitance changes at given membrane potential was calculated by linear regression using IgorPro 3.
RESULTS
At a holding potential of Ϫ82 mV nerve terminals showed stable membrane capacitance and conductance. Fig. 1 shows capacitance and conductance changes and the wholeterminal current evoked by a 10-s depolarization to Ϫ52 mV. Because pipette and bath solutions contained blockers of voltage-gated K ϩ and Ca 2ϩ channels, the only current observed was the voltage-gated Na ϩ current (bottom trace). Because the Na ϩ current was completely inactivated within a few tens of milliseconds, the long-lasting changes in capacitance and conductance trace cannot be attributed to the presence of voltage-dependent ionic currents. The capacitance change also does not reflect exocytotic activity because under the conditions employed here no significant calcium influx is evoked. To quantify the apparent change in membrane capacitance during a voltage pulse we measured the capacitance change (⌬C step ) at 100 ms after the onset of the voltage pulse. At this time the Na ϩ current was fully inactivated and the resulting effects in the C-trace had completely ceased. Following the step-like increase the capacitance trace shows a gradual decline during the pulse. The extent of the decrease during the 10-s pulse (⌬C slow ) was also quantified. Upon repolarization the capacitance was slightly below the initial values and then slowly returned to the pre-pulse baseline (not shown). Simultaneously occurring apparent changes in conductance varied between Ϫ200 and 200 pS and were not systematically studied here.
Capacitance depends on membrane potential and Na
؉ current
To determine the dependence of ⌬C step on membrane potential, shorter voltage pulses of 2-s duration were given to various test potentials (Fig. 2) . The resulting capacitance changes ⌬C step showed a clear voltage dependence being positive for depolarizing potentials from Ϫ70 to Ϫ20 mV and negative at hyperpolarized or very depolarized (Ͼ0 mV) potentials.
To test whether ⌬C step in pituitary nerve terminals is related to Na ϩ channel gating currents we investigated the correlation of the capacitance changes with the maximum amplitudes of Na ϩ currents (I Na ) induced by a 5-ms pulse to Ϫ22 mV test potential. At this membrane potential I Na was largest with the solutions used here. Among different nerve terminals I Na was highly variable. I Na could be as large as 1 nA or could be undetectable. Furthermore, during wholeterminal recording the Na ϩ current showed some run-down ( Fig. 3 A) . I Na was thus measured 1 s before each voltage pulse that was given to probe ⌬C step . Fig. 3 B shows a plot of ⌬C step versus I Na pooled from 14 nerve terminals for two different test potentials. At V m ϭ Ϫ52 mV as well as at V m ϭ Ϫ122 mV a clear correlation was observed between ⌬C step and I Na (solid lines) with correlation coefficients of 1.0 and Ϫ0.8, respectively. To ensure that the correlation was not mainly due to the nerve terminal with the largest ⌬C step and I Na , we also performed linear regression omitting the data from this terminal (dashed lines). The slopes of the regression lines were not significantly different and the correlation coefficients were 0.9 at V m ϭ Ϫ52 mV and Ϫ0.55 at V m ϭ Ϫ122 mV, indicating that the correlation is robust, at least at V m ϭ Ϫ52 mV where ⌬C step is largest.
The correlation coefficients (r) obtained for various test potentials are plotted versus test potential in Fig. 3 C. In the range V m from Ϫ70 to Ϫ10 mV the correlation was close to 1.0. At hyperpolarized potentials (V m Ͻ Ϫ90mV) capacitance changes were negative and the correlation coefficients were between Ϫ0.6 and Ϫ0.8, indicating a strong correlation in this potential range. At more strongly depolarized potentials V m Ͼ Ϫ10 mV, ⌬C step was only weakly correlated with the size of the Na ϩ currents. These results suggest that Na ϩ channel gating currents contribute strongly to ⌬C step but that there are also other contributions.
A correlation of ⌬C step and I Na could occur accidentally if both are related to some third factor. An obvious possi-FIGURE 1 Depolarization-induced changes in membrane capacitance, conductance, and current when K ϩ and Ca 2ϩ channels were blocked. Nerve terminal was depolarized to Ϫ52 mV for 10 s (top trace). A sine wave voltage (not shown) was superimposed throughout the recording. Whole-terminal current (bottom trace) shows an inward spike originating from the activation of voltage-gated Na ϩ channels that also produced spikes in capacitance (top trace) and conductance (middle trace). The spikes were truncated for better visualization of long-lasting capacitance and conductance changes. As Na ϩ current inactivates, the changes in capacitance (ϳ40 fF) and conductance (ϳ100 pS) persist throughout the pulse. The early change in capacitance (⌬C step ) was measured 100 ms after the beginning of a pulse. The slow decrease in capacitance (⌬C slow ) observed during 10-s pulses was also quantified. Holding potential was Ϫ82 mV. To remove the sine wave, the whole-terminal current was filtered at 100 Hz. FIGURE 2 Capacitance changes during 2-s pulses to various potentials. Pulses were given to the potentials indicated at the top from a holding potential of Ϫ82 mV. Hyperpolarizing (V m Ͻ Ϫ90 mV) and strong depolarizing (V m Ͼ 0 mV) pulses decreased the capacitance. At pulse potentials in the range Ϫ70 to 0 mV a capacitance increase is observed. The initial spike in capacitance due to activation of voltage-gated Na ϩ currents was truncated in the trace for Ϫ52-mV pulse potential. Baseline capacitance of the nerve terminal was 3.3 pF. bility would be total terminal membrane area. We thus analyzed a possible correlation of ⌬C step with the total membrane capacitance of the nerve terminal (Fig. 3 D) . The difference is most obvious for the data points measured at V m ϭ Ϫ52 mV. Linear regression (solid line) yields a correlation coefficient of 0.37. The weak correlation exclusively depends on the data from the terminal with the largest ⌬C step , which was measured in the terminal with the largest capacitance. If the data from this terminal is omitted in the analysis, then the regression line yields a slope of 0 and a correlation coefficient of 0.06 is obtained. For the data set measured at Ϫ122 mV the correlation coefficients were Ϫ0.53 and Ϫ0.13 when the largest terminal was included or omitted, respectively. ⌬C step thus shows a much stronger correlation with I Na than with nerve terminal capacitance.
Further support that ⌬C step is due to Na ϩ channel gating currents was obtained using the Na ϩ channel blocker dibucaine, which also blocks Na ϩ channel gating currents (Gilly and Armstrong, 1980; Horrigan and Bookman, 1994) . In the presence of 200 M dibucaine ⌬C step was completely abolished. Fig. 4 shows one of three experiments that gave similar results. To quantify the dibucaine effect two pulses from Ϫ82 to Ϫ52 mV were first given in standard saline E2 followed by two pulses in the presence of 200 M dibucaine. Both pulses of a pair gave a similar response. The average response in standard saline was ⌬C step ϭ 32 Ϯ 11 fF (SD; n ϭ 3). In the presence of dibucaine ⌬C step was very small and had a reversed sign (Ϫ6 Ϯ 2 fF, SD; n ϭ 3).
To separate the voltage-dependent capacitance due to Na ϩ channel gating currents from other voltage-dependent capacitance, we compared capacitance changes in a nerve terminal having particularly large Na ϩ currents with those measured in a nerve terminal that did not have any detectable Na ϩ current (Fig. 5 A) . The amplitude of the smallest detectable current at 29.9 kHz bandwidth was ϳ10 pA. The voltage dependence of ⌬C step in these two terminals is shown in Fig. 5 B. For the nerve terminal having no detectable Na ϩ current (open circles) ⌬C step was very small at all potentials from Ϫ120 to Ϫ70mV. At more depolarized potentials a negative ⌬C step appeared, reaching Ϫ50 to Ϫ60 fF for test potentials Ͼ0 mV. The value of Ϫ8 fF at Ϫ52 mV agrees well with that obtained in the presence of dibucaine at the same potential. The voltage dependence of the capacitance changes in this terminal that were not due to FIGURE 3 Correlation of voltage-dependent capacitance with Na ϩ current. (A) Na ϩ current amplitudes I Na elicited by pulses to Ϫ22 mV in the nerve terminal of Fig. 2 decreases with time after obtaining whole-terminal configuration. For the first few minutes of experiments the nerve terminal was not stimulated to allow complete exchange of external solution to E2. (B) Capacitance changes ⌬C step induced by pulses to Ϫ52 mV (E) and to Ϫ122 mV (‚) compiled from 14 nerve terminals plotted versus I Na .
Straight lines were fitted using all data points (solid lines) and omitting the data from the terminal with the largest ⌬C step (dashed lines). Note a strong positive correlation at V m ϭ Ϫ52 mV and a negative correlation at V m ϭ Ϫ122 mV. (C) Correlation coefficients obtained from the graphs as in B plotted versus membrane potential. Note a strong positive correlation in the potential range from Ϫ70 to Ϫ10 mV. (D) Capacitance changes ⌬C step induced by pulses to Ϫ52 mV (E) and to Ϫ122 mV (‚) as in B plotted versus total terminal capacitance. Straight lines were fitted to the two data sets using all data points (solid lines) and omitting the data from the largest terminal (dashed lines).
Voltage-Dependent Capacitance in Nerve Terminals
Na ϩ channel gating currents (⌬C 0 ) could be well fitted (dashed line) using a Boltzmann-type equation:
where CЈ is the maximum capacitance change at depolarized potentials, S is the slope factor and VЈ is the potential where the capacitance change is half-maximal. The fit results were CЈ ϭ Ϫ61 fF, VЈ ϭ Ϫ24 mV, and S ϭ 16 mV. The contribution of gating charges to the membrane capacitance is generally voltage and frequency dependent, and reflects the voltage-dependent kinetics of gating charge movements. For a simple two-state model the capacitance C G (imaginary part of admittance divided by ϭ 2f) due to gating charge movement has the following form (Fernandez et al., 1983; Taylor and Bezanilla, 1979) :
where Q G is the total gating charge available to move, S G ϭ kT/e␣ a slope factor, k the Boltzmann constant, T the absolute temperature, e the elementary charge, and ␣ an experimental parameter equal to the product of the valence of the gating charge and the fraction of the field through which it moves. V G is the potential at which half of the gating charge is in each state and where the contribution to the capacitance is maximal (Taylor and Bezanilla, 1979) . The capacitance change ⌬C G due to a change in gating charge movement associated with a voltage step from the holding potential of Ϫ82 mV to membrane potential V m can then be expressed as
giving the total capacitance change
Eq. 4 gives a bell-shaped curve that fit the data points of the terminal with large Na ϩ current (Fig. 5 B, filled circles) extremely well (Fig. 5 B, solid line) . The values VЈ and S were fixed at Ϫ24 mV and 16 mV, respectively. Results for free fit parameters were CЈ ϭ Ϫ26 fF, Q G ϭ 12 fC, V G ϭ Ϫ40 mV, and S G ϭ 16 mV.
Eq. 4 was used to fit voltage-dependent capacitance changes in all individual nerve terminals. Fig. 6 A shows the relation between I Na and gating charge Q G . Because I Na decreased during the recording from an individual terminal (see Fig. 3 A) the mean I Na for each nerve terminal was used in the graph. The gating charge Q G obtained as the fit parameter is clearly correlated with the size of the Na ϩ current, indicating that nerve terminals with larger Na ϩ FIGURE 4 Effect of dibucaine on voltage-dependent capacitance. The changes in capacitance were evoked by ϩ30-mV depolarizations (2 s) from holding potential of Ϫ82 mV. In the absence of dibucaine (upper trace) the ⌬C step is positive, similar to Fig. 2 . ⌬C step measured with the same protocol after addition of dibucaine (200 M) was very small (lower trace).
FIGURE 5 Voltage-dependent capacitance in the absence and presence of Na ϩ current. (A) Whole-terminal currents elicited by 5-ms pulses to Ϫ22 mV induced no detectable current in one terminal (upper trace) and a strong inward current in the other (lower trace). (B) Capacitance changes ⌬C step for the nerve terminal having no Na ϩ current (E) are well fitted with Eq. 1 (dashed line). For the nerve terminal with large Na ϩ current the ⌬C step (F) were well fitted with Eq. 4 (solid line).
currents contribute more to ⌬C step . The data points are well fitted by a straight line with a slope of 11.0 Ϯ 1.3 fC/nA. When only the data points with I Na Ͼ 300 pA were used, the linear regression was consistent with a line through the origin and a slope of 12.5 Ϯ 1.4 fC/nA. Presumably, the data points for terminals with small I Na are more sensitive to deviations of the additional effects that are assumed to have variable amplitude but always the same shape as in the terminal with no detectable I Na .
As expected, the parameters V G and S G show no significant dependence on the size of the Na ϩ current and are remarkably constant (Fig. 6 B) . These parameters are determined by the behavior of the gating charge in the electric field and should not depend on the number of Na ϩ channels present in the membrane. Their mean values are V G ϭ Ϫ42.9 Ϯ 1.2 mV and S G ϭ 19.8 Ϯ 0.6 mV (SEM; n ϭ 13), respectively. The parameter CЈ that described the size of the contribution to ⌬C step not due to Na ϩ channel gating charges according to Eq. 1 was included as a free parameter in the fit of Eq. 4. Its value was scattered between Ϫ7 and Ϫ45 fF and was correlated neither with the size of Na ϩ current nor with the total terminal capacitance.
To obtain information on the kinetics of the charge movements underlying the voltage-dependent capacitance, we performed some experiments using different sine wave frequencies in the same terminal. In these experiments, hyperpolarizing pulses to Ϫ122 mV were given to minimize contributions from phenomena other than Na ϩ channel gating charges (see Fig. 5 B) . As expected, the voltage-dependent capacitance is also frequency dependent (Fig. 7) . Fitting the frequency (f) dependence with a single Debye dispersion (Fernandez et al., 1983; Taylor and Bezanilla, 1979) ,
gave a time constant ϭ 190 Ϯ 90 s, consistent with Na ϩ channel kinetics in pituitary nerve terminals (Jackson and Zhang, 1995) .
The slow capacitance decay
The slow capacitance changes following ⌬C step measured during 10-s pulses were always negative (see Fig. 1 ). In Fig.  8 A the averaged ⌬C slow values from 10 nerve terminals are plotted versus membrane potential. The ⌬C slow was largest at potentials around Ϫ40 mV. Although this is close to V G determined as described above for ⌬C slow the correlation between ⌬C slow at this potential and Na ϩ current amplitude was weak, with r ϭ Ϫ0.4 (Fig. 8 B) . Interestingly, the correlation coefficient was close to 1 at test potentials around 0 mV. This suggests that ⌬C slow is partly related to Na ϩ channel gating charges, but that other contributions are FIGURE 7 Frequency dependence of voltage-dependent capacitance. ⌬C step was measured for a voltage step from Ϫ82 to Ϫ122 mV. To include date from terminals with different I Na , the capacitance changes were normalized to I Na amplitude measured just before the capacitance measurement. The fit assuming a single Debye relaxation (solid line) gave a zero frequency value of 380 Ϯ 120 fF/nA and a time constant of 190 Ϯ 90 s. present as well. In the presence of dibucaine (Fig. 4) and in the nerve terminal of Fig. 5 that showed no Na ϩ current, a slow capacitance change was also present (Fig. 8, open  circles) , confirming contributions distinct from Na ϩ channel gating charges.
DISCUSSION
There are two main findings in the present study. First, the membrane capacitance of pituitary nerve terminals is voltage dependent. Second, a significant contribution to the voltage-dependent capacitance is due to movement of gating charges of voltage-activated Na ϩ channels. Changes in membrane potential changed nerve terminal capacitance (see Figs. 1 and 2) . During sine wave stimulation (used in lock-in recordings) the currents from open voltage-gated channels can produce apparent capacitance changes (Cole, 1972; Debus et al., 1995) . With the bath and pipette solutions used here, the only voltage-activated current was a Na ϩ current (Fig. 1, bottom trace) that completely inactivated within 100 ms (time at which we measured ⌬C step ). Capacitance changes were also observed at hyperpolarizing potentials at which no voltage-dependent channels were activated (Figs. 2 and 5 A) , indicating that voltage-dependent capacitance could not originate from currents through voltage-dependent channels.
The composition of solutions was chosen to minimize Ca 2ϩ influx through L-type Ca 2ϩ channels such that exocytosis is not stimulated. If the capacitance changes were the consequence of exocytosis, then we would expect that they persist for some time after repolarization (Fidler Lim et al., 1990; Giovannucci and Stuenkel, 1997; Hsu and Jackson, 1996; Lindau et al., 1992) . However, the capacitance changes observed during 2-s depolarizations were reversed instantaneously upon return to the holding potential (Fig. 2) . These results strongly suggest that the voltage-dependent capacitance changes under these experimental conditions are not due to stimulation of exo-or endocytosis resulting in changes of membrane area.
In chromaffin cells, capacitance measurements with an 868-Hz sine wave in the presence of the Na ϩ channel blocker tetrodotoxin showed a transient capacitance increase following brief depolarizing pulses (Horrigan and Bookman, 1994) . The amplitude of this phenomenon was correlated with the amplitude of peak I Na . When both the capacitance change and I Na were measured giving a pulse to ϩ20 mV a slope of 8.3 fF/nA was obtained (Horrigan and Bookman, 1994) . It should be noted that this phenomenon reflects a change in capacitance after a pulse relative to baseline. Thus, both measurements were performed at the same potential. The transient capacitance increase under these conditions was attributed to a change in gating charge movements due to inactivation with the decay to baseline reflecting recovery from inactivation (Horrigan and Bookman, 1994) . Under these experimental conditions recovery from inactivation was slow (0.6 s), presumably due to the presence of tetrodotoxin. We have not systematically investigated capacitance changes after repolarization. Instead, our measurements were performed at quasi-steady-state at various potentials. Under these conditions the movement of gating charges directly contributes to membrane capacitance .
The voltage-dependent capacitance changes in nerve terminals showed at least two kinetically distinct components. A rapid capacitance change that occurred following step changes in membrane potential (⌬C step ) was followed by a gradual and slow capacitance decrease (⌬C slow ). ⌬C step was clearly correlated with the amplitude of Na ϩ current present in the nerve terminal (Fig. 3, B and C) . However, a voltagedependent capacitance was also observed in a terminal that had no measurable Na ϩ current (Fig. 5 A) .
Voltage-dependent capacitance in the absence of Na ؉ currents
The changes observed in the absence of detectable Na ϩ currents were quite distinct from those observed in terminals with a strong Na ϩ current. The capacitance showed a decrease by ϳ60 fF with increasing depolarization between Ϫ60 and 0 mV (Fig. 4 B, open circles) . Besides Na ϩ channels, pituitary nerve terminals have various other voltage-dependent channels including at least three types of K ϩ channels (Bielefeldt et al., 1992; Thorn et al., 1991; Wang et al., 1992a) and four types of Ca 2ϩ channels (Lemos and Nowycky, 1989; Wang et al., 1997 Wang et al., , 1999 Wang et al., , 1992b . In our experimental conditions all these channels were maximally blocked or inactivated or both. However, following step changes in membrane potential the gating charges of the channels will still contribute the voltage-dependent capacitance. Presumably, all of these contribute to the voltagedependent capacitance in a complex manner.
Voltage-dependent capacitance due to Na ؉ channel gating currents When a significant Na ϩ current was present, ⌬C step was clearly correlated with the amplitude of the Na ϩ current (Fig. 3, B and C) . The correlation was almost perfect in the range of membrane potentials from Ϫ70 to Ϫ20 mV. This was consistent with a bell-shaped curve of ⌬C step versus V m that showed a maximum near ϳϪ40 mV (Figs. 4 A and 5 B) . A correlation could appear accidentally if, for instance, both phenomena are proportional to the total membrane area of the nerve terminal. Interestingly, the correlation with total nerve terminal capacitance is extremely poor (Fig. 3  D) , as is the correlation of Na ϩ current amplitude with nerve terminal capacitance (data not shown). It is possible that the density of Na ϩ channels in the nerve terminal membrane is extremely variable. Another possibility would be that the nerve terminals used in individual recordings have a variable amount of axonal membrane attached to them and that it is only the axonal membrane that contains Na ϩ channels. The experiments described here cannot distinguish between these possibilities. Further evidence that ⌬C step is due to Na ϩ channel gating currents is provided by the dibucaine experiments. Dibucaine blocks Na ϩ currents as well as Na ϩ channel gating currents (Gilly and Armstrong, 1980; Horrigan and Bookman, 1994) . In the presence of dibucaine the capacitance change obtained with a voltage step from Ϫ82 to Ϫ52 mV was undistinguishable from that observed in a nerve terminal that had no detectable Na ϩ current. In terminals with a significant Na ϩ current ⌬C step has all the properties expected for the movement of Na ϩ channel gating charges. The capacitance changes were well fitted with Eq. 4 that assumed gating charge movement as expected from a simple two-state barrier model (Taylor and Bezanilla, 1979) . A strong positive correlation exists between the maximum gating charge Q G and the Na ϩ current amplitude (Fig. 6 A) . The capacitance change is blocked by dibucaine. A bell-shaped relationship exists between capacitance and membrane potential (Fig. 5 B) as found in frog skeletal muscle (Adrian and Almers, 1976) and squid giant axon (Armstrong and Bezanilla, 1973) . In these studies, voltage-dependent capacitance was derived from the Na ϩ channel gating currents at different pulse potentials. In squid axon voltage-dependent capacitance due to Na ϩ channel gating charges was also measured using frequency domain admittance analysis . This method closely resembles the experimental conditions employed here because capacitance measurements were made at steady state, 155 ms after a voltage step, and should be compared with our protocol where ⌬C step was measured 100 ms after the voltage step. As in the nerve terminals studied here, the capacitance of the squid axon membrane shows a bell-shaped curve as a function of membrane potential and was attributed to the Na ϩ channel gating charges. For similar holding potentials, the voltage-dependent capacitance in nerve terminals with strong Na ϩ current has a shape remarkably similar to that measured in squid axon with a peak near Ϫ40 mV and a decrease to about half the peak value near Ϫ70 mV.
The frequency domain measurements in squid axon allowed for a thorough investigation of the kinetic properties and showed that the frequency dependence of the voltagedependent capacitance could be fit with a sum of two Debye relaxations corresponding to charge movements occurring with two time constants . It should be noticed, however, that one time constant was sufficient at hyperpolarized potentials and that the measurements were made at 7.5°C. The deviation from single-exponential behavior has recently been accounted for by applying Kramers' diffusion theory (Kramers, 1940) to the gating kinetics (Sigg et al., 1999) . Although non-exponential kinetics are generally fitted better with a sum of two or more rather than a single exponential, a single exponential with a single lumped time constant may give a better and more robust description of the average kinetics (Austin et al., 1975; Lindau and Rüppel, 1983) .
Comparison of ⌬C step with properties of Na ؉ currents in pituitary nerve terminals Na ϩ currents in pituitary nerve terminals have been measured in whole terminals as well as outside-out patches (Jackson and Zhang, 1995) . The peak Na ϩ conductance is half-maximal near Ϫ20 mV in whole terminals and near Ϫ30 mV in excised patches. Fitting of Hodgkin-Huxley model parameters revealed a time constant m of ϳ500 s around Ϫ60 mV. We studied the frequency dependence of the capacitance difference associated with a membrane potential change from Ϫ82 to Ϫ122 mV because in this range contributions from phenomena other than Na ϩ channel gating charges are minimal. The voltage-dependent capacitance due to Na ϩ channel gating currents at Ϫ122 mV is ϳ6 times smaller than that at Ϫ82 mV when the average values for V G and S G are used in Eq. 2. The difference thus mainly reflects the capacitance due to gating charge movement at Ϫ82 mV. From the Hodgkin-Huxley parameters for Na ϩ currents in rat pituitary nerve terminals (Jackson and Zhang, 1995) we estimate a value of ϳ90 s for m at Ϫ82 mV. This value is close to the time constant of 190 Ϯ 90 s that we obtained by fitting a Debye dispersion to the frequency dependence of ⌬C step (Fig. 6 ).
Slow capacitance decay in nerve terminals
The fast change in capacitance that occurs within 100 ms after a membrane potential step is followed by a slow capacitance decay ⌬C slow (Fig. 1) . Following activation, Na ϩ channels inactivate rapidly, and the inactivation process is associated with charge (Armstrong and Bezanilla, 1977; Bezanilla et al., 1991) . In squid axon under conditions of prolonged depolarization two inactivation processes occur, termed fast and slow inactivation, both of which are associated with changes in gating charge mobility . Fast inactivation develops within a few milliseconds whereas slow inactivation requires several seconds. At the time ⌬C step was measured in our experimental protocol, fast inactivation was presumably complete. A subsequent charge immobilization on a slow time scale associated with slow inactivation should manifest itself as a gradual capacitance decrease as observed here. ⌬C slow could thus correspond to the slow inactivation of the gating charge. Indeed, the ⌬C slow also displayed a bell-shaped voltage dependence with the maximum effect at ϳϪ30 mV (Fig. 7 A) . However, in contrast to ⌬C step the correlation between ⌬C slow and I Na (Fig. 7 B) was weak, in particular between Ϫ50 and Ϫ30 mV. Because a comparable ⌬C slow was also detected in a nerve terminal that had no measurable Na ϩ current, other phenomena must contribute to ⌬C slow . Presumably, these are slow inactivation processes occurring in voltage-gated K ϩ and Ca 2ϩ channels, which are present in the nerve terminal membrane in addition to voltage-gated Na ϩ channels.
CONCLUSION
Using a lock-in amplifier we found that the capacitance in pituitary nerve terminals is voltage dependent. A significant part of the voltage-dependent capacitance is proportional to the Na ϩ current present in the nerve terminal. The voltage and frequency dependence of this contribution suggests that it originates from the voltage-dependent movement of Na ϩ channel gating charges.
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